Spin-triplet p-wave superfluids of single-species (or spin-polarized) fermionic atoms is a topological superfluid. In 2D such a superfluid supports zero-energy topological Majorana fermion excitations in order parameter defects such as vortices and sample edges. In 3D these superfluids support topologically protected Dirac points in the bulk spectrum and flat surface Majorana arcs. Despite the promise, creating a spin-triplet p-wave singlespecies fermionic superfluid either from direct p-wave Feshbach resonance or indirectly from the recently proposed artificial spin-orbit and Zeeman couplings can be technologically challenging. Here we show that such topological superfluids can be far more simply created by using the Kohn-Luttinger effect applied to two species of spin-polarized fermions with a density imbalance. We discuss how the topological Majorana excitations of the resulting superfluids can be identified using recently-developed experimental techniques.
Introduction: Spin-triplet p-wave superfluids of spinpolarized fermionic atoms offer an excellent test-bed for exploring many intriguing quantum phenomena [1] [2] [3] 47] . Such systems are generically topological in all spatial dimensions, exhibiting, in 3D, topologically protected Dirac points in the bulk spectrum [1, 5, 6] and surface Majorana arcs [7] , while in D = 2, 1 they exhibit zero-energy Majorana fermions in order parameter defects such as vortices and sample edges [2, 3] . In recent years, the physics of the 2D chiral p-wave (p x +ip y ) superfluids has attracted much attention [3] because of its nontrivial statistical properties [47] and potential application in topological quantum computation [3, [8] [9] [10] . The chiral superfluids can also act as a testbed for studying quantum phenomena such the quantum non-locality and the violation of Bell's inequality [10] , which are often masked by the many-body effects in a macroscopic system. Schemes for observing anyonic statistics and implementing topological quantum computation using vortices in these systems have also been proposed [10] . A potential advantage of the spin-polarized cold atom p x + ip y chiral superfluid over solid state chiral-p wave system such as strontium ruthenate [11, 12] is that, the cold atom system being spin-polarized, even ordinary vortex excitations of the superfluid can have trapped Majorana modes while in the solid state system the relevant topological excitations are the exotic half-quantum vortices [13, 47] .
Despite the promise, creating a spin-triplet p-wave superfluid of single-spin (or single-species) fermionic cold atoms has turned out to be a challenging task. With the observations of p-wave Feshbach resonances in spin-polarized 40 K and 6 Li atoms in optical traps [14] [15] [16] [17] , a p x +ip y superfluid of fermionic atoms was thought to be soon realizable using Feshbach resonance [18] [19] [20] . However, because of the short lifetimes of the p-wave pairs and molecules [17] , realizing a spinpolarized p-wave superfluid in this route now seems difficult. An alternative scheme, involving an artificially created spinorbit coupling and a Zeeman field along with a regular s-wave Feshbach resonance, has also been proposed [21, 22] . Here, even though the fermions are not spin-polarized, a judicious combination of the spin-orbit coupling, Zeeman field, and the fermion density can still be obtained to enforce a single Fermi surface, thus allowing the formation of a topological superfluid with Majorana fermions. This strategy, which has now been theoretically applied also to condensed matter systems [23] [24] [25] [26] [27] [28] , still requires artificial laser-induced spin-orbit and Zeeman couplings for fermionic atoms which are presently beyond experimental reach. Considering the importance of a p-wave superfluid of the same species of atoms both for fundamental as well as technological reasons, it's important to investigate other, possibly simpler, methods of realizing such systems in optical traps without requiring either p-wave Feshbach resonance or artificial spin-orbit and Zeeman couplings. In this paper we achieve this goal by utilizing a completely different (and more practical in cold fermions) scheme for realizing a triplet p-wave superfluid of the same species of atoms by using the celebrated Kohn-Luttinger effect [29] [30] [31] modified to apply to the case of two types of (individually spin-polarized) fermionic atoms. The essence of the KohnLuttinger effect is superfluid pairing in a short-ranged repulsive fermionic system mediated by another fermionic background which renormalizes the bare repulsive two-particle interaction vertex. By using two distinct species of individually spin-polarized fermions with a density imbalance we show here that it is possible to create single species p-wave topological superflids which can be individually probed to uncover the topological Majorana excitations.
Once a single-species spin-triplet superfluid is realized in experiments, one natural and important question is how to experimentally observe the topological properties, in particular, the topological excitations known as Majorana fermions. Majorana fermions are zero-energy excitations of a 2D chiral (p x + ip y )-wave or a 1D p x -wave superfluid which are trapped by order parameter defects such as vortices (in 2D) and sample edges (in 1D). Majorana fermions, first proposed by E. Majorana to describe neutrinos [32] , are quantum particles which are their own anti-particles [33] (i.e., the second quantized operators γ satisfy γ † = γ), unlike Dirac fermions where particles and anti-particles (holes) cannot be identified. A cold-atom demonstration of Majorana fermions in itself is a remarkable experimental goal, but also they have attracted a lot of recent attention because of their potential use in topo-logical quantum computation (TQC) [3, 8] . In the condensed matter systems Majorana fermions have been proposed to be identifiable in local STM tunneling experiments [26, 34] and in fractional Josephson effect [27, 35, 36] . However, such methods cannot be directly used to detect Majorana fermions in cold atom neutral superfluids, because superfluids, in contrast to superconductors, do not directly couple to an electric potential difference. Nevertheless, we show how Majorana fermions in the 2D cold atom spin-triplet superfluids produced in our scheme can be identified using radio-frequency (RF) spectroscopy experiments. In 2D, according to our theory, only the majority component (say K) of the two species of fermions becomes superfluid in the experimentally achievable temperatures, while the minority component (say Li) remains uncondensed. This, however, does not pose any problem in imaging the MFs in the majority component since in our RF spectroscopy based imaging the individual species of atoms can be probed independent of the other species. The absence of inter-conversion between the K and Li atoms ensures that the MFs in the majority component remains robust even if the minority component remains gapless and uncondensed. Note that a similar robustness of MFs to the presence of gapless electrons does not exist in condensed matter systems, and, therefore, cold atom fermionic mixtures are particularly suitable for realizing MFs which can be robustly probed using RF spectroscopy. In the 3D spin-triplet p-wave superfluids produced in our scheme the topological bulk Dirac modes have a structure similar to that in the recently proposed spinorbit coupled 3D superfluid in Ref. [6] . We discuss how these non-trivial excitations can be probed in the cold atom analog of the angle-resolved photoemission experiments. Taken together, the method to create a single-species spin-triplet pwave superfluid using the Kohn-Luttinger effect, coupled with the methods to observe the non-trivial topological excitations, gives a complete description of a promising new way to create and analyze a topologically non-trivial superfluid in both two and three dimensions.
Kohn-Luttinger effect and superfluid critical temperatures:
The essence of the Kohn-Luttinger effect is the possibility of a superfluid pairing in fermionic systems with short-range repulsion that does not support the conventional BCS-type pairing [29] . The presence of a fermionic background renormalizes the two-particle vertex, and its angular dependence in momentum space (Kohn singularity) results in the long-range Friedel oscillations of the two-particle potential in real space, inverting the sigh of the effective interaction. A diagrammatic expansion of the effective vertex at low fermionic density is known to result in the effective attraction in the second order of perturbation theory in 3D (third order in 2D) [30, 31] .
We apply this idea to the mixture of two types of spinpolarized cold gases with different masses and densities. 
Effective interaction between fermions of the type A mediated by fermions of the type B in second order perturbation theory.
the interaction Hamiltonian. The leading repulsive bare interaction is reduced to the isotropic s-wave scattering between atoms of different kind with the scattering amplitude a 0 > 0. Such a system can be described by the following Hamiltonian:
where i and j indicate species of two different types (A and B). The effective interactionΓ AA between fermions of the type A in the second order of perturbation theory (the lowest order where the effect exists) is mediated by the fermions of the type B and is represented diagrammatically in the Fig. 1 . In the low-density limit r 0 p F ≪ 1 where r 0 is the range of the potential, the effective interaction term
, where q A = p F A 2(1 − cos θ) is the difference between the incoming and outgoing momenta p A and k A with θ the angle between them, λ = 2a 0 √ p F A p F B /π is the modified 3D gas parameter in the case of inter-component scattering. Furthermore,
is the polarization operator that corresponds to the Green's function loop in the Fig. 1 . IntegratingΓ AA (q A ) at the Fermi surface with eigenfunctions of the angular momentum (Legendre polynomials P l (cos(θ)) in 3D), one can see that the most negative eigenvalueΓ
corresponds to l = 1 and the triplet superfluid state is formed in the system A. The critical temperature is then given by:
where N F i and ε F i are the density of states at the Fermi surface and the Fermi energy of the species i.
The static polirization operator in 3D is given by: then the critical temperature T
cA is
where
is a dimensionless function of the population imbalance δ = p F A /p F B [30, 40] . One can see that f (δ), and consequently T
cA (δ) increases at small imbalance δ > ∼ 1, has a maximum, and then drops to zero at δ ≫ 1. Two factors contribute to the effect: on one hand, Kohn singularity increases with δ and this enhances the effective interaction of the fermions of the type A; on the other hand, the density of the species B decreases as δ increases, and this eventually results in the total absence of pairing at δ → ∞. The effective interaction for the species B is, in turn, mediated by the subsystem A. To obtain the critical p-wave temperature T cB decreases monotonically as δ increases. At δ = 1 the system is equivalent to the non-polarized 3D Fermi gas, and the superfluidity occurs in both subsystems simultaneously at T (1) c ∼ ε F exp −13/λ 2 [30] . Thus, at a finite imbalance δ > 1 there is a temperature window T
(1)
cA where only the component A is superfluid, while the other component B remains in the normal state (See Fig. 2) .
Similar arguments apply to the 2D case, where cos lϕ, the 2D eigenfunctions of the angular momentum, replace the Legendre polynomials, and q A = p F A 2(1 − cos ϕ). The polarization operator
explicitly depends on ϕ (and thus on q A ) only if p F A > p F B .
In the opposite case, p F A ≤ p F B , the angular dependence is completely excluded from the real part of the Eq. (6) and all the eigenvaluesΓ
AA vanish. The population imbalance becomes the necessary condition for the pairing to exist in the second order of perturbation theory. The p-wave superfluid state is then formed by the species with larger value of the Fermi momentum (subsystem A), with the critical temperature given by the equation [30] :
where f 0 is the 2D gas parameter that, as usual, is obtained by the renormalization of the two-particle vertex and that in 2D contains a logarithm f 0 ≈ −1/2 ln r 0 p F . Just like the 3D case, the critical temperature (7) has a maximum at some δ ≈ 2 (See Fig. 2 ). The other, low-density subsystem B remains in the normal state at all temperatures in this order. Note that, from Eq. (7), T
(1) c = 0 at δ = 1 in the second order of perturbation theory, and one needs to include the next, third-order terms of the expansion. To this order, the critical temperatures for both subsystems (note that for δ = 1 the components A and B should behave similarly) are given by T
Note that, according to Eq. (7) and Fig. 2 , at the gas parameter f 0 ∼ 0.8, the 2D maximum T (1) cA ∼ 0.2ǫ F is well inside the currently experimentally achievable range [41] . The 3D critical temperature is within the experimental range at λ ∼ 1.9 in Fig. 2 . The applicability of the perturbation theory at these values of the gas parameter requires further justification, in particular, higher order terms in the perturbation theory which we leave for future work. Here we, however, remind that, as was demonstrated in Ref. [30] , the zeroimbalance critical temperature at the gas parameter λ ∼ 1.3 (same as that in the superfluid 3 He) has the right order of magnitude T
(1) c ∼ 10 −3 ǫ F . In the present proposal we ignore possible off-diagonal exchange terms in the Hamiltonian (1) that scatter Cooper pairs between different bands in the two-band model [42] . These terms will create a superfluid state in both bands simultaneously [40] . In the present case where components A and B represent two types of atoms (e.g., 6 Li and 40 K) such offdiagonal terms cannot exist. In addition, we see that when both species are completely polarized, the critical temperatures splitting is mostly affected by the population imbalance, or the ratio of Fermi momenta of different components, but not the by the ratio of their masses.
RF spectroscopy based detection of Majorana fermions: Topological superfluids of the type considered here are characterized in D = 2 by Majorana fermion excitations that are localized in defects of the superfluid order parameter. Such zero-energy states can be detected as resonances in tunneling near zero energy, which can be realized in cold atomic system using RF spectroscopy [9, [43] [44] [45] . Let us consider a two-component mixture of spin-polarized 40 K as the majority species A and 6 Li atoms as the minority species B. We first note that for the purpose of imaging MFs using RF spectroscopy, the fermions in the components A and B can be discussed independently because of the absence of interconversion between the two species of atoms. As discussed above, from the Kohn-Luttinger effect, the majority A atoms can be expected to be in a topological superfluid phase, while, in D = 2 the minority component B remains uncondensed. The uncondensed B atoms, however, pose no problem for the detection of the MFs in component A as we clarify later. Suppose the 40 K atoms in the superfluid are in the 4 2 S 1/2 hyperfine ground state, |i = |F = 9/2, m F = −7/2 . In this case, the application of a two-photon Raman pulse can transfer the 40 K atoms from the state |i to another hyperfine state |j = |F = 7/2, m F = −5/2 . Within the rotating waveapproximation (RWA), the frequency difference between the two Raman lasers Ω can be considered to be the detuning between the energy levels of the internal states |i and |j . The effective Hamiltonian describing such a pair of Raman beams within the RWA is written as
where ψ † i,j (r) are the creation operators for atoms in states |i and |j respectively. Here we assume that a localized Raman beam with a beam waist width w ≈ 1.5 µm is much smaller than the typical distance 10µm between vortices [46] is being used. The function f (r) is localized within the beam waist.
The above Hamiltonian H Raman transfers atoms from the superfluid of 40 K atoms in the |i state to atoms in the |j state, which can be thought of as being in an empty reservoir. This is similar to a tunneling probe in a superconductor, where electrons can tunnel from the superconductor into the leads. For topological superfluids without vortices and other defects, which have a unique ground state |Ψ together with a finite quasiparticle gap ∆ 0 to the lowest excited state |Ψ 1 , the rate of generation of atoms in state |j must vanish for energies Ω < E F − ∆ 0 (where E F is the fermi-energy of the superfluid of |i atoms) because of energy conservation. In contrast, topological superfluids with vortices contain zero-energy MF excitations bound to vortices. The MFs are associated with self-hermitean creation fermionic operatorsγ, which commutes with the total mean-field Hamiltonian for the topological superfluid. As a result if |Ψ is a lowest-energy state of the Hamiltonian, |Ψ 1 =γ|Ψ is another state with exactly the same energy (measured relative to the fermi-energy). Therefore the ground-state is degenerate in this case and it is possible to generate particles in the state |j even when the Raman beams are tuned to be on resonance at Ω = E F . In fact, the rate of generation of fermions in the state |j will have a peak at Ω = E F given by
where |Ψ n are excited states with energy E n and E is the energy of the ground state |Ψ . Note that, while the absorption of a Raman beam transfers the many-body state from |Ψ to |Ψ 1 in principle, this does not lead to any observable timedependence of the particle-generation rate R since the matrix elements H Raman for localized Raman beams are identical for the states |Ψ and |Ψ 1 . Therefore, the rate of particlegeneration R is independent of which initial topologically degenerate state |Ψ or |Ψ 1 one starts with, consistent with the idea of local non-observability of the topological degree of freedom. The tunneling operation induced by the Ramanpulse cannot be used to read-out the MF degree of freedom unless the two vortices are brought together to induce a splitting -effectively fusing the vortices.
Another interesting feature of using a mixture of fermions containing two different species of fermions is the topological robustness despite the presence of an even number of fermi surfaces. This is typically a problem in spinful chiral p-wave superconductors such as SrRuO 4 where a vortex contains a spinful Majorana fermion with a spin-degeneracy. In that case, transverse magnetic fields which mix the two spinspecies would split the Majorana fermions and lift the topological degeneracy. The observation of true MFs in this system requires the use of half-quantum vortices [47, 48] , which are effectively vortices in one of the spin species to trap Majorana fermions without a spin degeneracy. The cold atomic system proposed here provides a unique robustness in this regard, because here the two species or pseudo-spins are really two different elements Li and K in this case, so that the Majorana fermions are protected by the additional number conservation symmetry in this system. Therefore, even if one used a regular vortex, which produced a phase winding in each of the species separately, there would be a pair of Majorana fermions in each vortex, which cannot be split simply because it is not possible to convert an atom of one element to another. A similar protection would continue to exist if one of the species (say Li) was not condensed, as is the case in 2D (Fig. 2) . Conventionally, one could worry that the thermal Li gas serves as a fermion reservoir which is known to destroy the fermion parity protection of Majorana fermions. However, since Li atoms cannot convert into K atoms, the Majorana fermions associated with the K topological superfluid remain robust.
In D = 3, the topological superfluids considered here are characterized by topologically protected gapless Dirac points in the bulk (Weyl fermions) and flat Majorana modes on the surface [5] [6] [7] . Such momentum resolved gapless spectrum can in principle be detected by recently developed momentum resolved photo-emission spectroscopy for cold atoms [41, 49] .
Conclusion: Using Kohn-Luttinger effect we show that in a mixture of two species of individually spin-polarized fermions with population imbalance it is possible to create topologically non-trivial superfluid states characterized by Majorana fermion excitations at order parameter defects. The KohnLuttinger critical temperatures of the individual superfluids are split as a function of the population imbalance and are well inside experimentally achievable range in current experiments. The Majorana fermions in the individual components of the superfluid can be detected by RF spectroscopy. Because of the absence of inter-conversion of the different types of atoms, the Majorana fermions are detectable even if one of the components remain uncondensed. Our proposal to create topological spin-triplet p-wave superfluids using the KohnLuttinger effect, coupled with the methods to observe the nontrivial topological excitations, gives a complete description of a promising new way to create and analyze a topologically non-trivial superfluid in both two and three dimensions.
